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Electrical conductivity is a key factor in measuring performance of printed electron-
ics, but the conductivity of inkjet-printed silver nanoinks greatly depends on post-fabri-
cation sintering. In this work, two different conductive silver nanoinks, in which the sil-
ver nanoparticles were stabilized by two different capping agents – Poly(acrylic acid) 
(PAA) and Poly(methacrylic acid) (PMA) – were synthesized. The inks were inkjet-print-
ed on flexible PET substrates, coated with an additional polycation layer, which facilitat-
ed chemical sintering. The printed features were then exposed to moderately elevated 
temperatures to evaluate the effect of combined chemical and thermal sintering. Both 
inks produced conductive features at room temperature, and the conductivity increased 
with both temperature and duration of sintering. At temperatures above 100 °C, the 
choice of capping agent had no pronounced effect on conductivity, which approached 
very high values of 50 % of bulk silver in all cases. The lowest resistivity (2.24 µΩ cm) 
was obtained after sintering at 120 °C for 180 min. By combining chemical and conven-
tional thermal sintering, we have produced remarkably conductive silver electrodes on 
flexible substrates, while using low-cost and simple processes.
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Introduction
Owing to their superior optical and electrical 
characteristics, metal nanoparticles have become 
the focus of several fields of research, such as catal-
ysis1,2, biomedicine and biosensors3,4, optics5, and 
electronics6,7. In the case of flexible electronics, ink-
jet printing of metal nanoparticle-based conductive 
inks has recently been utilized abundantly as an at-
tractive technology to replace traditional electronics 
manufacturing processes7,8. Since it exhibits favor-
able properties in terms of electrical conductivity, 
stability against oxidation, and relatively low price 
for such properties, nanosilver is the material of 
choice for printed electronics7,9. The most utilized 
synthetic preparation routes of silver nanoparticles 
intended for conductive ink materials are chemical 
reduction with borohydride10 and hydrazine11. Re-
cently, numerous eco-friendly approaches have also 
been developed12–14.
Electrical conductivity is the crucial property 
of conductive inks for the mentioned applications. 
Therefore, obtaining the lowest possible resistance 
is the aim of most conductive ink formulations15. To 
achieve lower resistivities, generally a sintering step 
is required after conductive ink deposition. The rea-
son for this is the removal of the stabilizing agent 
coated around the metal nanoparticle, which forms 
an insulating shell after deposition. Capping (stabi-
lizing) agents are essential for stability of colloidal 
silver solutions, used in printable conductive inks. 
Stabilizers can be various ionic species adsorbed on 
the nanocrystal surface, or polymer molecules that 
coat the nanocrystal surface to prevent the particles 
from precipitating16. To improve conductivity during 
sintering, the stabilizer needs to be removed, and 
this is usually achieved by exposing the printed fea-
tures to elevated temperatures8,17. Typically, a tem-
perature greater than 450 °C is required to obtain 
conductivities of 50 % of bulk silver or higher18,19. 
Kim et al. have thermally sintered their silver 
nanoparticle (AgNP) ink on different flexible poly-
meric substrates to obtain conductivities of around 
50 % bulk Ag at temperatures above 200 °C20. 
However, common substrates for printed electronics 
are made of polymers that have low thermal stabili-
ty and low glass transition temperatures7, and these 
elevated temperatures are considered too high.
Alternative sintering techniques have been 
studied and compared to thermal sintering7,21. For *Corresponding author: E-mail: stjepan.milardovic@fkit.hr
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example, photonic sintering uses broadband visible 
intense pulsed light to convert the metal precursor 
into its conductive counterparts22, and has been 
combined with microwave sintering to obtain high-
ly conductive printed silver features23. Even higher 
conductivities (60 % of bulk Ag) were obtained by 
combining plasma and microwave sintering on 
polymer foils19. Electrical sintering, by applying a 
large voltage over the printed structure, which caus-
es heating and sintering due to the induced current 
flow, has also yielded very conductive silver struc-
tures24. Recent utilization of ebeam technology for 
sintering has generated silver tracks with conductiv-
ities of approximately 36 % of bulk Ag25. In a direct 
comparison, however, it was found that plasma and 
laser sintering techniques generate lower conductiv-
ities than thermal sintering21.
A different sintering approach, one that elimi-
nates the need for expensive instrumentation, is 
chemical sintering, which enables fabrication of 
conductive printed patterns at room temperature. In 
this approach, the stabilizer molecules on the AgNP 
surface are chemically desorbed or dissolved, thus 
causing the metal nanoparticles to come in contact 
with each other, forming a conductive path7,17. For 
example, chloride ions from different electrolytes 
can be used for chemical sintering: they remove the 
bulky stabilizer, such as Poly(acrylic acid) (PAA) or 
Polyvinylpyrrolidone (PVP), from the AgNP sur-
face, which causes coalescence of the AgNPs26–28. 
HCl vapor has also been used for chemical sinter-
ing29, but conductivities of room temperature print-
ed features have not surpassed 41 % of bulk silver26. 
Similarly, OH– ions can replace citrate stabilizers, 
and NaOH has also been used as a reagent for 
room-temperature sintering30. In one of the earliest 
instances of chemical sintering, Magdassi et al. 
have described the process of PAA stabilizer de-
sorption by poly(diallyldimethylammonium chlo-
ride) (PDAC)31. After AgNP coalescence, these sil-
ver tracks exhibited conductivities of 20 % of bulk 
Ag. Similar conductivities were obtained by print-
ing multiple layers of AgNP ink onto photo paper 
coated by a PDAC-like layer at room temperature32.
It is evident that most alternative sintering ap-
proaches cannot match conductivities obtained by 
thermal sintering. However, since high temperatures 
can be detrimental to the plastic substrates, we have 
tried to use combined chemical and thermal sinter-
ing at low–moderate temperatures to maximize 
printed silver conductivity. In this work, we have 
synthesized novel AgNP inks for inkjet printing, 
which contain Poly(acrylic acid) (PAA) or Poly- 
(methacrylic acid) (PMA) as stabilizers. The con-
ductive inks were deposited onto flexible PET sub-
strates, pretreated with PDAC-like molecules for 
chemical sintering, after which they were thermally 
sintered at different temperatures. This enabled 
evaluation of the combined effect of chemical and 
thermal sintering on the printed novel AgNP inks.
Material and methods
Materials and chemicals
Silver nitrate (AgNO3), as a metal precursor in 
all synthesis experiments, was obtained from VWR 
Chemicals (Belgium). Poly(acrylic acid) (PAA, Mw 
= 1800 g mol–1), poly(methacrylic acid sodium salt) 
(PMA, Mw = 4000–6000 g mol
–1, w = 40 % in wa-
ter), ethylene glycol (EG; anhydrous, w = 99.8 %), 
hydrazine hydrate solution (w = 50 – 60 %), and 
2-amino-2-methyl-1-propanol (2-AMP) were pur-
chased from Sigma-Aldrich (USA). Citric acid and 
sodium hydroxide (NaOH) were purchased from 
Gram Mol (Croatia), Kemika (Croatia), respective-
ly. All applied chemicals were of analytical grade 
and used as received. Deionized water, purified us-
ing a Millipore-MilliQ system, was used in all syn-
theses. The precoated flexible PET substrate (Nov-
eleTM) for inkjet printing was obtained from 
Novacentrix (USA).
Synthesis and characterization of silver 
nanoparticle-based conductive ink
The wet chemistry synthesis of silver nano-
particles was based on our previous work33, with 
some modifications. In this work, 20 mL of a 1.15 
mol dm–3 NaOH solution was first mixed with an 
equimolar solution of silver nitrate. After washing 
the silver oxide precipitate, the capping agent – ei-
ther PAA or PMA – was added to the reaction mix-
ture. Reduction was carried out with hydrazine 
solution, which was accurately added using a Gil-
son Miniplus Evolution peristaltic pump fitted with 
a MF4 pump head (France). The polyacid stabilized 
silver nanoparticles (PAA-Ag or PMA-Ag) were 
then agglomerated by adding 0.1 mol dm–3 citric 
acid. The precipitated nanosilver was washed with 
water and acetone, after which the wet sediment 
was dried at 60 °C. The conductive ink was made 
by mixing the dried PAA-AgNPs or PMA-AgNPs 
into an EG solution (mass fraction, w = 20 %). A 
small amount of 2-AMP was added for adjusting 
the pH value to 10.5. Homogenization of the pre-
pared conductive inks was performed using Ban-
delin electronic Sonorex high-power ultrasound 
bath (Germany) and Stuart SA8 vortex mixer (UK). 
The particle size distribution analysis (Dynamic 
light scattering method, DLS), as well as the elec-
trokinetic potential measurements of the coated sil-
ver NPs, were performed using a ZetaPlus (Brookha-
ven Instruments Corporation, USA) instrument.
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Inkjet printing and sintering
The PAA-AgNP and PMA-AgNP-based con-
ductive inks were loaded into the cartridges of the 
inkjet printer (modified flatbed Epson Stylus D92) 
and deposited onto flexible substrates to form con-
ductive patterns. The used printer had a maximum 
resolution of 5760 x 1440 dpi and 90 nozzles for 
black ink, and 29 nozzles for each of the three col-
ors: cyan, magenta, and yellow. Prior to printing, all 
four corresponding cartridges were loaded with 5 
mL of the conductive ink using a pipette. The fea-
tures for printing were designed in CorelDraw X8 
software. In the Epson printing settings, the quality 
was set to “Best photo”, the paper setting to “Epson 
matte”, the “Photo enhance” setting was selected, 
and the “High speed” printing option was disabled. 
The commercial flexible PET substrates were al-
ready coated with an adhesion layer, enabling chem-
ical sintering at room temperature. The printed flex-
ible conductive features were additionally thermally 
sintered in an oven for 20 min at temperatures rang-
ing from 60 to 140 °C.
In the next set of experiments, the flexible con-
ductive features were sintered at 120 °C for differ-
ent durations: from 30 to 180 min.
The surface morphology and thickness (n = 5) 
of the printed silver lines were imaged by a scan-
ning electron microscope (Tescan Vega 3 SEM Ea-
syprobe, Czech Republic) at electron beam energy 
of 10 keV. For thickness measurements, the devices 
were cut by scalpel and thickness of the cross-sec-
tion was determined in five independent parts of the 
line. A digital multimeter 34461A, 6 ½ Digit, True-
volt DMM, Keysight (USA) with an in-line four-
point probe was used for resistance measurements. 
Four-point measurements were used in order to ac-
count for contact resistances34. Resistivity of printed 
patterns was calculated from the printed line resis-
tance (R), measured by the digital multimeter with 
four-point probe, and the thickness profile (h), the 
average value obtained by SEM imaging, according 
to the equation: ρ = Rwh/l , where w and l are the 
line width and length, respectively15.
Results and discussion
Silver nanoparticle-based conductive ink
While developing metal nanoparticle-based inks 
for inkjet printing, several parameters must be taken 
into account to avoid problems with printer perfor-
mance. A major problem that can affect the inkjet 
printing process is nozzle clogging. Clogging can 
occur if the particles are relatively large (larger than 
50 nm), or if they tend to agglomerate35. Hence, the 
nanoparticle size and colloid stability need to be 
carefully monitored during conductive ink synthe-
sis.
We have recently reported on the synthesis of 
AgNP ink suitable for inkjet printing, which con-
tained PAA as the capping agent33. Here, we ex-
panded on this research by additionally evaluating 
PMA as capping agent and studying the effect of 
thermal sintering on conductivity of both inks. Both 
Poly(acrylic acid) and Poly(methacrylic acid) can 
be used as stabilizing agents of metal nanoparticles 
due to the existence of carboxylic groups36. In basic 
media, both polyacids are deprotonated, the 
nanograins have a negative surface charge, and sus-
pensions are thus electrostatically stabilized. The 
electrokinetic potential (Zeta potential) gives the 
tendency of particles to agglomerate or to sediment, 
and is a measure of colloid stability. The zeta poten-
tial values for inks based on PAA-AgNP and 
PMA-AgNP were found to be –46.92 ± 0.83 mV 
and –35.49 ± 1.48 mV, respectively. These values 
indicate that both suspensions are stable and can be 
used for inkjet printing.
With nanoparticle size being another crucial 
parameter in inkjet ink formulations, we investigat-
ed particle size by DLS, Fig. 1. The average diame-
ter of PAA-AgNPs was 1.90 ± 0.04 nm, while 
PMA-AgNPs were larger, with an average diameter 
of 18.10 ± 0.18 nm. Both types of AgNPs were rel-
atively small compared to spherical silver nanopar-
ticles for inkjet printing found in the literature, 
which range in size from 10 to 80 nm17. A narrow 
size distribution was achieved in both cases.
F i g .  1  – Particle size distribution of PAA-stabilized AgNPs 
(top) and PMA-stabilized AgNPs (bottom). Sample dilution was 
in all cases φ = 1:30000.
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The small particle size and highly negative zeta 
potential indicated that the inks were suitable for 
inkjet printing, with no potential danger of printer 
nozzle clogging. After characterization, both 
PAA-AgNP and PMA-AgNP inks were deposited 
by an inkjet printer onto flexible PET substrates 
(Fig. 2), after which the effect of thermal sintering 
was studied.
Effect of chemical and thermal sintering on 
resistivity
Due to the PDAC-like coating on the flexible 
PET foils, which caused a chemical sintering pro-
cess, the printed silver electrodes were conductive 
even after drying at room temperature. The resistiv-
ities at room temperature (without thermal sinter-
ing) were 35.7 µΩ cm for PAA-AgNP electrodes, 
and 13.7 µΩ cm for PMA-AgNP electrodes, which 
corresponded to 4.45 % and 11.6 % conductivity of 
bulk silver, respectively. These room temperature 
conductivities have already been explained: the 
positively charged polymer in the adhesion layer of 
the commercial PET films causes desorption of the 
negatively charged PAA and PMA from the nanopar-
ticle surface, which leaves the particles without 
their stabilizer and causes their coalescence, thus 
improving conductivity31,37. SEM images confirm 
that a relatively homogeneous conductive silver 
layer was obtained even at room temperature (Fig. 
3a). The observed room-temperature conductivities 
were generally close to those for chemically sin-
tered AgNPs found in the literature30,38,39.
Upon exposure of the printed silver electrodes 
to elevated temperatures for 20 min, the resistivity 
decreased (Fig. 4). We could notice that the initial 
decrease in resistivity of the PAA-AgNP electrodes 
was more pronounced than of PMA-AgNP elec-
trodes. The PAA-AgNP particles are smaller, hence 
a greater degree of sintering can be achieved at low-
er temperatures20. However, this effect becomes 
negligible at elevated temperatures (i.e., higher de-
grees of sintering), which has also been previously 
observed20. In both cases, the minimum resistivity 
after 20 min was achieved at the highest tempe-
rature. This was in the case of PAA-AgNP electro-
des 3.26 µΩ cm (49 % conductivity of bulk Ag), and 
in the case of PMA-AgNP electrodes 3.11 µΩ cm 
(51 % conductivity of bulk Ag). The highly 
 co nductive homogeneous silver layer obtained at 
140 °C was confirmed by SEM imaging (Fig. 3b). 
At temperatures greater than 100 °C, both inks pro-
duced similar resistivities of about 3.3 ± 0.2 µΩ cm, 
which is a conductivity of around 48 % of bulk sil-
ver. However, deformation (i.e., bending) of the 
PET substrates was noticed at the highest tempera-
ture. This suggests that lower temperatures, of about 
100 °C – 120 °C, can be used for thermal sintering, 
with no significantly detrimental effect to the print-
ed silver conductivity.
The effect of thermal sintering at 120 °C for 
periods up to 180 min was evaluated next. In the 
case of silver tracks based on PAA-AgNP ink, sin-
tering for different durations had no pronounced ef-
fect on conductivity. All PAA-AgNP silver tracks 
exhibited very low resistivities of 2.1 – 3.1 µΩ cm, 
with no apparent trend. In the case of PMA-AgNP 
ink, heating at 120 °C for prolonged duration caused 
a very gradual decrease in resistivity, reaching a 
minimum value of 2.24 µΩ cm (71 % of bulk Ag 
conductivity) after 180 min. This was confirmed by 
F i g .  2  – Inkjet-printed silver features on flexible PET films. 
From top to bottom: lines for SEM imaging and thickness cal-
culation, lines for resistance measurement, planar electrodes 
for potential electrochemical measurements (not included in 
this study).
F i g .  3  – SEM image of PAA-AgNP surface after sintering a) 
at room temperature; and b) at 140 °C for 20 min
F i g .  4  – Change in electrical resistivity of PAA-AgNP and 
PMA-AgNP printed silver features, after thermal sintering at 
different temperatures for 20 min
a b
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SEM imaging (Fig. 5), where it was visible that a 
remarkably high degree of sintering had been 
achieved after 180 min, both with PAA-AgNP and 
PMA-AgNP inks. These exceptionally high conduc-
tivities confirm the effectiveness of the combination 
chemical/thermal sintering process for our AgNP 
inks. For comparison, previous additional thermal 
sintering of PDAC sintered silver patterns yielded 
conductivities up to 40 % of bulk Ag32.
Thermal sintering generally has the same effect 
on printed layer thickness (h) as it does on resistiv-
ity. That is, the thickness of the printed silver layer 
decreases with both increasing temperature and sin-
tering time (Fig. 6). This can be attributed to a loss 
of stabilizer molecules during heating, which in 
turn enables formation of more compact, thinner 
layers. For example, a clear difference in the printed 
layer thickness can be seen from a cross-sectional 
SEM image of printed PMA-AgNP ink, between 
samples sintered at room temperature and at 105 °C 
for 20 min, Fig. 7.
Effect of sintering on printed line width
Minimum conductive line width is generally a 
function of printer resolution and printing settings. 
However, sintering causes critical changes in mor-
phology of a printed layer and facilitates formation 
of continuous interconnects between silver nanopar-
ticles8. We therefore evaluated the effect of sinter-
ing at a moderate temperature on line width, by 
measuring resistances of different widths of printed 
silver lines, Fig. 8a. The resistances of three differ-
ent sets of PMA-AgNP lines, measured after sinter-
ing for 30 min at 105 °C, are given in Table 1. The 
evaluated width was from 30 µm to 2 mm. The 
minimum line width that was conductive in all cas-
es was 200 µm. This was also confirmed by optical 
microscopy (Fig. 8b), where it was visible that a 
conductive path had not formed below a width of 
200 µm. A large variability in the measured resis-
tances was apparent for minimum conductive line 
widths (200 µm and 300 µm).
F i g .  5  – SEM images of printed surface of PAA-AgNP and 
PMA-AgNP ink after sintering at 120 °C for different sintering 
times (30 and 180 min)
F i g .  6  – Thickness of PMA-AgNP printed layers sintered at 
different temperatures for 20 min and for different durations at 
120 °C, obtained by scanning electron microscopy of cross-sec-
tion
F i g .  7  – Cross-sectional SEM image of printed PMA-AgNP 
silver layers after sintering a) at room temperature; and b) at 
105 °C for 20 minutes
a b
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Conclusions
We have developed two conductive silver 
nanoparticle-based inks using Poly(acrylic acid) 
and Poly(methacrylic acid) as stabilizers. Both inks 
were suitable for inkjet printing, and the printed 
features were conductive at room temperature due 
to the chemical sintering effect, with PMA-AgNP 
exhibiting a somewhat greater conductivity. The 
conductivity was further improved by thermal sin-
tering at elevated temperatures. At temperatures 
above 100 °C, the choice of polymer stabilizer had 
no pronounced effect on conductivity, which ap-
proached very high values of 50 % of bulk silver in 
all cases. Thermal sintering at a moderate tempera-
ture (120 °C) over extended time periods generated 
silver lines with exceptionally high values of con-
ductivity (71 % of bulk Ag). A minimum conduc-
tive line width was determined to be 200 µm after 
sintering at 105 °C for 30 min. Although implemen-
tation of thermal sintering in the mass production of 
plastic electronics presents a challenge, this ap-
proach can readily be adapted to sintering of small-
er batches. We have demonstrated outstanding con-
ductivities of inkjet-printed flexible silver electrodes, 
which cannot easily be met by using alternative sin-
tering methods.
ACKNOWLEDGEMENTS
The authors are grateful to the University of 
Zagreb (Grant No. 118020) for financial support. 
Special thanks to Prof. Tajana Preočanin from the 
Faculty of Science, University of Zagreb, for use of 
the Zetaplus instrument.
Ta b l e  1  – Resistances of three sets of printed PMA-AgNP 
lines with varying widths (w), measured after sin-
tering at 105 °C for 30 min
w / mm
R / Ω
1. set 2. set 3. set
0.03 × × ×
0.05 297.7 × ×
0.10 × × 175.9
0.20 37.5 48.4 77.4
0.30 20.3 25.1 23.6
0.50 10.7 11.5 11.1
1.00 5.3 4.6 5.2
2.00 2.8 2.4 2.8
F i g .  8  – a) Printed PMA-AgNP silver lines of different widths; and b) corresponding optical microscopy images (Magnification: 200×)
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